The electrical impedance of a disc-shaped sample of polycrystalline UO, has been measured over a frequency range of 10 Hz to 10 MHz at temperatures between 108 and 380 K. Three distinct regions in the impedance profiles were observed; these have been associated with the region near the metallic electrodes, with the bulk material and with the grain boundaries. Activation energies for conduction have been determined in each of the three regions [0.17, 0.13 and 0.29 eV for the electrode, bulk and grain boundary contributions, respectively]. The impedance response has been modelled using a two-phase microstructure and an effective medium treatment. At low temperatures the boundary region is less conducting than the grain interior. However, at ambient temperatures and above, the boundary region dominates and electrical conduction takes place primarily through the boundaries.
Introduction
In the mid 1960s there was a trend to switch from Magnox-type nuclear power stations, employing metal alloy fuels, to AGR, PWR and fast reactor systems using metal oxide fuels. As a consequence, a thorough understanding of many thermophysical properties of the metal oxides became necessary. However, even after the efforts of twenty years, knowledge of the physical properties of the actinide oxide fuels is far from complete. In the future there will be interest in larger fuel burn-ups than currently used; this will drastically increase the amount of fission products present in the fuel throughout its life. There have also been proposals to introduce burnable poisons into mixed oxide fuels to modulate the power output of these systems [l] . Such proposals indicate a real need for a deep understanding of fuel properties under relevant conditions. 'In-pile' experiments have their own very technical problems, and theoretical approaches have been favoured. In many of these calculations, and also in those calculations which relate to hypothetical accidents, the electrical * Now at BICC Technology Centre, Wrexham, Clwyd, United Kingdom.
conductivity and derived properties are important input parameters. Consequently detailed knowledge of the electrical behaviour of Urania, which in its ceramic form is the oxide on which these fuels are based, is essential for a variety of areas of further work.
Urania (UO,) itself is a fluorite-structured oxide, with a high melting point (3120 K), and is able to exhibit very large departures from stoichiometry. Below 1400 K, in common with many other oxide ceramics, the electrical properties of Urania are largely determined by the extent of the non-stoichiometry:
the O/U ratio. These electrical properties (the conductivity, dielectric constant and thermoelectric power) have been extensively studied by a number of workers [2-81 for single crystal Urania, and it is these quantities which provide the basic data for defect [9] and thermal conductivity [lo] calculations.
Experimental data for ceramic materials are complicated because the macroscopic electrical parameters can often be perturbed by contributions from any other phases or modified regions that may be present within the material, possibly leading to distinct inter-grain and intra-grain conductivities [ll] . Indeed, this is central to many applications, for example using stabilized zirconia as an oxygen sensor, where the effects of the grain boundaries are paramount. An additional perturbation is that ceramics always have densities less than that of the single crystal polymorph and, this porosity need not be distributed homogeneously. The distribution of the porosity, whether inter-or ~ntra-~anul~ly, can have a sig~ficant effect on the electrical properties [11, 12] . which facilitated rapid data acquisition and analysis. An example would be that, at each temperature, measurements were taken at 140 set frequencies for 5 selected bias voltages, and at each frequency data were collected and averaged over 10 readings.
A technique which has been used extensively for electrical studies of ceramic materials is Complex Plane Analysis (CPA) or Impedance Spectroscopy (IS). The technique enables the measured electrical response of a system to a wide range of input frequencies to be modelled on the basis of an equivalent circuit composed of discrete components. This faciIities linking of the electrical properties of each component phase to a plausible microstructure.
Hampton et al. [7, 8] have studied the conductivity and dielectric constant of nominally stoichiometric single crystal UO, within the temperature range 80 to 1400 K using CPA. Although some studies of polycrystalline material have been carried out [2, 12] , they are not nearly as extensive as those for single crystal, and the observed electrical responses have not been correlated with the material microstructures. Presented here are preliminary results of investigations of the temperature dependence of the electrical impedance of a sample of polycrystalline Urania. It has been possible to combine complex plane analysis with studies of the microstructure to investigate the physical basis for the electrical properties.
Numerous descriptions of CPA have been given elsewhere [7, 8, 11, 13] . In essence, the technique used for the analysis of the data involves the real and imaginary parts of complex quantities being plotted as a frequency dispersion at each selected temperature and bias voltages. The. important feature of CPA is that the same data can be displayed in a number of alternative modes (impedance, admittance, complex capacitance [C* = l/jwZ* ] and complex modulus [M* = jwZ* I). These representations can highlight different features and an equivalent circuit of the material may be deduced. Measurements at selected temperatures allow the determination of the temperature dependence of the resistances and capacitances. This facilitates analysis of the thermal activation of the dielectric constants and conductivities for the various components of the equivalent circuit corresponding to the sample.
The stoichiometry of the sample has not been determined explicitly; however, material that has been reduced in free-flowing hydrogen in exactly the same manner as the sample used here was found to have an O/U ratio of 2.02. The history of the sample used allows us to say, with some certainty, that the sample was hyper-stoichiometric.
Experimental technique

Complex plane profiles
The process used to acquire the electrical admittance data was straightforward: the ac admittance of discshaped samples was measured over a frequency range of 10 to lo6 Hz at selected temperatures within a temperature range of 108 to 380 K. Stable sample temperatures were achieved using a nitrogen flow varistat, which enabled the temperature to be maintained to better than 1fr1 K for periods between 10 and 30 min. The admittance was measured using a Hewlett Packard 4192A impedance analyser which operates by applying a constant amplitude ac voltage to the sample and determining the magnitude and phase of the resulting current, this enables the real and imaginary components of the admittance to be calculated. An advantage of this method of measuring the admittance was that the oscillator test voltage could be biased (offset) with respect to earth, enabling identification and analysis of any electrode effects (see section 3.1 and section 4.1). The impedance analyser was microcomputer-controlled, Examination of the data in the complex impedance representation ( fig. 1 ) at a number of temperatures and voltages reveals three distinct regions. These three regions are also clearly identifiable in the complex admittance and capacitance representations, figs. 2 and 3.
Electrode layer
The low frequency portions (i.e. at large values of Z') of the profiles show a significant voltage dependence. The effect of increasing the bias voltage is to decrease the low frequency intercept on the abscissa and the magnitude of the peak: this suggests that in this region the resistance extracted from the Z' intercept is highly non-ohmic. This behaviour is also clearly demonstrated in fig. 3 : where the electrode capacitance (the low frequency C' intercept) is voltage dependent. The voltage dependent part of the profile can be identified, physically, as being due to an electrode polarization Real (RI effect [7, 11, 13] . The effect of the voltage on both the resistance and capacitance can be interpreted as being due to a dependence of the effective barrier height on the applied voltage. Further consideration of this effect is given in section 4.1.
Bulk region
Comparison with CPA data for single crystal material [7] suggests that the high frequency voltage independent portion of the profile (i.e. low Z' values) contains information on the bulk properties of the material. The identification of this region can be verified from the magnitude of the corresponding capacitance intercept in the complex capacitance representation, which corresponds to a dielectric constant of 22.5. This value is somewhat lower than that normally expected for single crystal stoichiometric UO, (c = 24) though this may simply be a result of the sample porosity or to a small .r ,...SI change in stoichiometry [3] . In fact it is shown in section 4.2 that 22.5 is exactly the value that would be expected for a material with a dielectric constant equal to 24 and with the observed porosity of 7%.
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Grain boundary region
We consider that the third region of the impedance profiles, at intermediate frequencies, is due to grain boundary effects. Even though the polycrystalline material has significant porosity (7%), it is most unlikely that this, on its own, would be able to cause the formation of this intermediate feature. It is, possible that the spatial ~st~bution of the porosity may perturb the resistances and hence the ma~tude of the two (bulk and grain boundary) impedance features (section 4.2). It is much more plausible that the cause is what may be thought of as an extra region with different electrical properties within the material [ll] . The key features of grain boundaries are discussed further in section 4.3.
Establishment of the equivalent circuit
The basic electrical parameters (electrical conductivity and dielectric constant) of each portion of the ac impedance or admittance can only be extracted from the data if a suitable equivalent circuit can be established. Hampton et al. [7] , in their studies of the ac admittance of single crystal UO,, discovered a dual semicircular profile which was interpreted with a circuit consisting of two parallel combinations of resistors and capacitors joined in series ( fig. 4) . Intuitively, an equivalent circuit for the polycrystalline material must, at the very least, contain three capacitive and three resistive elements associated with the presence of the three semicircular features. The simplest standard circuit that fulfils this requirement is that of three parallel circuit elements connected in series ( fig. 4 ). Equivalent circuits on their own are abstract networks and, for them to be of any practical use, their components need to be correlated with physicaily realistic m~hanisms. Tentatively, at this stage, R, and C, can be attributed to an electrode layer, R, and C, to the bulk of the material and Ron and Co, to the grain boundaries. The insert in fig. 1 shows a calculated impedance profile using the circuit of fig. 4 with component values (R,, C,, R,, C,, R,, and Co,) estimated from the measured impedance response at 250 K. The agreement between measured and calculated profiles indicates that the circuit shown in fig. 4 provides a good description of the material.
In~e~re~tion of profiles
Now that there is a suitable model for analysis, resistances R,, R,, and R, can be extracted reliably from the Z' intercepts of the three regions. It is clear from the complex profiles that these intercepts are dependent upon temperature, and this is probably due to thermal activation of the equivalent circuit resistances. These (thermally-activated) resistances were used 
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Activation energies and conductivity prefactors for the bulk, grain boundary and electrode region for polycrystalline UO,. The conductivity prefactors for the electrode region are calculated for a temperature of 272 K and those of the grain bounda~ region using eq. (6) and assuming a dielectric constant of 24 
This has been accepted for high temperatures (near 1400 K or above), where the measured activation energy is due to contributions from a bopping and a binding energy 1141. At low temperatures the hopping energy contribution to the activation energy does not provide a significant contribution when compared to the binding energy [14] and it may be more appropriate to use
This Arrhenius plot is shown in fig. 5 while activation energies for both types of analysis are given in table 1. The Arrhenius analysis clearly shows three different activation energies associated with bulk (intra-grain), grain boundary (inter-grain) and electrode conduction. The largest activation energy is for what we label grain boundary (inter-grain) conduction. We shall now analyse each of the three regions separately.
I. Electrode layer capacitance
So far the voltage dependence of the electrode layer capacitance (C,), has been used to help identify the portions of the impedance curves. However the physics resulting from the application of a conductor to the surface of the material needs to be examined further. The capacitances of the electrode layer have been extracted from the complex capacitance plots at selected voltages and temperatures, and subsequently have been analysed using a technique reported by Henisch [IS] . It Table 2 Temperature dependence of the electrode layer thickness (see section 4.1 and insert in fig. 6 ) . 6 ); the value of c, (= 22.5) is calculated from the high frequency C' intercept of the capacitance profile. The voltage (V) is not simply the voltage applied across the specimen but is the voltage across the barrier, which needs to be calculated using the bulk, grain boundary and barrier resistances.
The inherent errors are quite significant, and so the approach can only be regarded as giving an order of magnitude for the layer thickness and indicating any possible thermal effects. Notwithstanding these problems, the calculations show that the electrode layer thickness decreases with increasing temperature (insert in fig. 6 ). We can estimate the electrode layer conductivity at 250 K as approximately 10e6 f2-' m-'. Analysis of the electrode layer has used the assumption of a charge separation across a thin layer of material. In this case, we would expect the average layer thickness L to vary inversely as the square root of the temperature (161. [71. Z = 1, or one per 20 units if Z = 2. These are high concentrations, but they do suggest that a space-charge layer is a good description of the observed electrode contribution. At this stage there is no indication of why the observed activation energy is higher than that for the bulk.
Bulk region: the effect of porosity
The static dielectric constant for the bulk material was calculated from the high frequency C' intercept of the capacitance profile giving E, = 22.5. Though this is somewhat lower than would be expected for single crystal stoichiometric UO,, Huntley [12] has shown that (in common with many other ceramic materials [ll] ) polycrystalline Urania exhibits a dependence of its electrical properties, specifically the dielectric constant upon porosity. Huntley measured a dependence of the dielectric constant of a Urania sample held at 77 K. A complication with his work was that the sample stoichiometry could not be kept constant over the whole range of porosities. We may however assume that at low porosities, i.e. for highly dense samples, the stoichiometries remained reasonable constant. The data were analysed using a number of equations proposed for mixed conductors, though by inspection the data at low porosities were best fitted by an equation given by Maxwell (171. where (3) zz = dielectric constant of medium, er = dielectric constant of void, e,= measured dielectric constant, P = porosity.
For UO, the sample density was measured, using Archimedes principle, as 10.27 X 10m3 kg me3 compared with 11.04 X lop3 kg me3 for single crystal material, which gives a porosity of 7%. A simplistic approach is to assume that all of the porosity is distributed within the grains and that the voids are empty and then to set C, to 1. Substituting values of ta into the equation and setting c, to 22.5 allows the zero porosity dielectric constant to be estimated as ~a equal to 24.9. This value is in good a~eem~t with values previously measured for single crystal UO, [3] [4] [5] 7] .
Electron micrographs show that the assumption of isotropic porosity wholly within the grains is not really valid, and a significant percentage is provided by the mismatch between the packing of the grains. This introduces the possibility that the total grain surface area may be larger than that calculated as the gram boundary fraction from the ratio of the capacitances of section 4.3.1 (eq. (4)). Brailsford and Hohnke [18] noted that when a,, > era the importance of this spatial distribution of the pores to the measured conductances is enhanced. A more significant effect occurs for a sample of identical porosity in which the voids appear at the grain boundaries as opposed to those in which it is distributed within the grains.
Grain boundary region: Correlation with model microstructure
The effects of two phase structures upon complex plane profiles are usually analysed in terms of either layer models or using effective medium theorems (cf eq. (3)). Conceptually, layer models are easier to relate to equivalent circuits and we will consider these models first.
L.uyer models
The grain interior phase and grain boundary phase can be present in two ways, namely either (1) a second phase completely enveloping the grains or (2) a single phase but with a constriction localised at the point linking the grains (refered to as easy paths). Work on the LISICON system [19] showed identical activation energies for the bulk and grain boundary portions of the CPA profiles; this was attributed to a constriction effect. As the activation energies are different (section 4, table l), it is unlikely that the boundaries are produced by a constriction effect; therefore it can be assumed that there is a second phase enveloping the grains.
Macdonald [ll] has reviewed a number of models for the effect of microstructure on CPA profiles. The
'brick layer' model is shown schematically in fig. 7i , in which cubic grains of side D are surrounded by a second phase of thickness d( d K D) . Two limiting cases for one-dimensional current flow are apparent: it may be either along the grain boundaries, or through the grains and then across the grain boundaries (figs. 7ii and iii respectively).
Which of these dominates will depend on the relative magnitudes of the conductances go, and go,. If the current is carried along the grain boundaries, then only one arc will be observed in the impedance or modulus spectra. As may be expected the alternative conduction path, which includes two material phases, gives dual arcs in the impedance or modulus spectra. Thus the total conductivity can be analysed using two series connected parallel elements in which the components of the equivalent circuit are then weighted in terms of the fraction of the total volume occupied by the grain boundaries (Xo,). In this and all further analysis the term total conductivity will be used to represent the conductivity measured by a dc four-terminal pair method ie the macroscopic conductivity without a contribution from electrode impedances.
The complex profiles which represent the total macroscopic conductivity ( fig. 1 ) have dual impedance arcs, which lends support to the 'brick layer' model with conduction through the grains and then across the grain fi) boundaries.
For such a system it is possible to obtain crude estimates of some of the microstructural properties from the measured electrical properties [11, 20] . The two key parameters are the fraction of the total volume occupied by the boundary phase or grain boundary volume fraction, Xo,; (4) and the ratio of grain boundary thickness, d, to grain size D;
In these expressions, C,, and C,, are the inter-grain and intra-grain boundary capacitances, cG, and rGB are the inter-grain and intra-grain boundary static dielectric constants, D is the grain size and d is the thickness of the enveloping boundary phase. In this analysis the effect of porosity is not considered (section 4.2). We have data for CGB, C,, and cG,, but what value to take for eGB presents a problem. Normal practice is to assume that the two dielectric constants (cG, and cGB) are equal. However, in Urania there can be significant deviations from stoichiometry [3] which effect the dielectric constant. Induced oxygen tracer diffusion work has shown that anion diffusion occurs along the grain boundaries at a different rate than for the bulk material [21] , providing a plausible mechanism for achieving different stoichiometries and hence activation energies for the grain interiors and encapsulating phases. Fluorite structured Urania (UO,,,) exhibits a large degree of non-stoichiometry and undergoes a structural phase transition to U,O, for x = 0.25. The dielectric constant of U,O, is approximately 100 [3] . This sets an upper limit for the grain boundary dielectric constant; thus to enable an estimate of the microstructural properties, we require that the grain boundary dielectric constant is within the range:
This gives us a range of values for the grain boundary volume fraction: 1.5% < Xo, < 6.25%.
Scanning electron micrographs
of the sample established the average value for the grain size (D) This value implies that the electrical response may be modelled using a second phase of this thickness. The spatial extent of the mismatch between the grains could conceivably be smaller than this as charge separation might occur at the grain boundaries.
The range of grain boundary fractions calculated from eq. (4) allows us to calculate suitable values for the conductivity prefactor of the grain boundary phase, which is of more practical use than the admittance prefactor, using the method suggested by Van Dijk and Burggraaf [20] :
where A and 1 are the area and thickness of the sample, respectively.
The grain boundary data and the sample dimensions give uqGB,=XGBX1.3X104(~--1 m-').
This formulation coupled with the activation energies given in table 1 allows for the ratio of uB/uGB over a range of temperatures at selected grain boundary fractions to be calculated from the measured data ( fig. 8 ). The figure shows that at low temperatures the grains are significantly more conducting than the boundaries, whereas at still higher temperatures the conductivities table 1 at selected values of X,, using eq. (3).
achieve parity with the boundaries exhibiting a higher conductivity than the grain. Thus at low temperatures the assumption of conduction through the grains and across the boundary fig. 7ii appears to be valid. The situation shown in fig. 75 will then apply at higher temperatures.
The situation at intermediate temperatures has been treated by Nafe [22] in his work on thoria and zirconia based electrolytes.
The total conductivity can be calculated explicitly by summing the resistances ( fig. 9 ) of the various phases in the brick-layer model. The total resistance is built up by considering the sum of the component resistances in a column in he z direction. These columns are summed in the y direction to form a slab and similarly the slabs are combined in the z direction to give the whole sample. The total conductivity assuming conduction through the grains and across the boundaries ( fig. 7ii) is given by eq. 
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Rtu R,,, and R,,, are the bulk and grain boundary resistances, respectively (see fig. 9 ). This approach is very similar to that of Nafe [22] though a contribution R gb3 has not been considered and an extra contribution of Rsbr has been included in the z direction at each grain; for further details refer to fig. 1 and eq. (1) of ref.
1221.
The data given in table 1 have been used to parameterise the effect of temperature on the component resistances;
thus the conductivity at any selected temperature or grain boundary fraction may be calculated. A correction to the grain boundary conductivity needs to be applied at each value of gram boundary fraction using eq. (6) . The total conductivities calculated using
T (k)
-51 2.5 eqs. (7) and (8) for a range of temperatures can then be analysed by the Arrhenius approach ( fig. 10 and table   3 ).
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The first model (eq. (7)) which ignores conduction down the side of the grains, gives lower activation energies and total conductivities than the second model (eq. (8)) or the experimental data. The effect of increas- fig. 10 shows a significant rise in the conductivity at high temperatures which is more pronounced at high boundary fractions. Calculation of the macroscopic conductivity activation energies over smaller temperature ranges (table 4) shows that the energies increase smoothly from the bulk value at low temperatures to the grain boundary value at high temperatures.
Effective medium theory
The layer model considered above though conceptually simple is based upon unrealistic assumptions regarding the current distribution.
The effective media takes account of more realistic current dist~butions. They were first proposed by Maxwell [17] for dc conduction and shown to apply to ac conduction by Wagner [23] : Huntley [12] has shown this to be true empirically for low porosity UO,. To model the macroscopic response of a two phase medium the sample is replaced with an "effective medium" in which one phase is uniformly distributed within the other. The complex conductivity for such a system is given by an expression similar to that of eq. (3) . The response of the effective phase to temperature can then be calculated from the response of the component phase, in an analogous manner to that used with eos. (7) or (8) .
With UO, there are limiting cases for which this treatment can be applied, the first has the boundary phase isotropically dispersed in the gram phase and the second has the gram phase dispersed in the boundary phase. The macroscopic conductivity in the temperature range 200-400 K at selected grain boundary volume fractions (Xo,) is given in fig. 11 for both limiting cases of the theory. Macdonald [ll] notes that the range of Xo, over which the expression is valid has not been specified though the requirement that the second phase should not perturb the field in the 'effective medium' has normally been taken to mean that the second phase is the dilute phase. However the calculations shown in fig. 11 show that 'best' agreement with experimental values occurs when the host phase in the model, is the grain boundary phase! 
Comparison of the two approaches
In general the data for dispersed grains in the boundary phase agree well with the explicit calculation including full contributions from the grain boundaries (eq. (8)) and the experimental data. Similarly the effective medium of boundaries dispersed in grains shows the same response as the calculation for minimal grain boundary contribution.
It is gratifying to see that two different approaches to the total conductivity problem give essentially the same results as this lends further support to the suggested microstructure and the equivalent circuit used to establish it. The question of which of the approaches discussed to use as a framework for the analysis (microstructural or effective m~ium) has been reviewed by Landauer [24] and is partly one of personal preference; the effective medium provides simplicity in its use whereas the microstructural approach maintains a firm link between the equivalent circuit and the physical structure of the sample.
Consequences of the microstructure
In practice, both of types of analysis show that the measured value of the macroscopic conductivity and its activation energy will depend critically on the grain size of the material and the exact temperature of measurement. An interesting feature is that there have been numerous values reported for the stoi~hiometry dominated activation energy. It can be speculated that differences between temperature ranges and grain sizes are responsible for these disparate values. In fact as long ago as 1963 Wolfe [25] and 1965 Iida [26] reported a dependence of the electrical conduction in UO, on the grain size.
There are three consequences of this interplay with the electrical microstructures.
The first is that those thermophysical properties which depend on the electrical conduction, e.g. thermal conductivity may well be inhomogeneous.
The effect of the electrical conduction on thermal conduction is given by the ambipolar contri-
However as this term is used in reactor safety analysis only to account for the thermal conductivity at temperatures near the melt, small changes in II (the energy required to disrupt the Mott insulating state; usually determined by the difference between the the activation energies above and below 1400 K) or u caused by the microstructure may not be significant at the macroscopic scale [27] . This may not be so if one is considering effects at the microscopic scale, as would be the case when considering the effects of fission products which may segregate at grain boundaries.
The second consequence is that the macroscopic conductivity, for temperatures up to the so-called Bredig transition, will exhibit three regions: one due to the effect of the grains and grain boundaries, one due to the effect of the grain boundaries alone and one in which the conductivity is no longer dominated by deviations from stoichiometry.
Single crystal material will only exhibit two regions, as it has no contributions from grain boundaries.
The third consequence is experimentally important and is that, as the grain boundary conductivity becomes increasingly more dominant, the ac electrical conduction will bypass the bulk region: CPA will not be able to resolve the two (grain and bulk) regions. The temperature at which this effect will occur will also depend upon the effect of temperature on the two dielectric constants as the factor that determines the resolution of the two features is the ratio of the time constants (CR product) and not just the conductivities.
The analysis of the microstructure in sections 4.3.1. and 4.3.2. necessitates an estimation of the range of values for the grain boundary dielectric constant. However the activation energy data of the total conductivity calculations suggest that the best match with experiment is achieved at large values of grain boundary volume fraction (.X,-J. This in turn suggests that the value of con is closer to 100 [r(Uo09)] than 24 [e(UOZ)]. The most obvious mechanism for the increased value of E GB is enhanced oxygen diffusion at the boundaries altering the stoichiometry at the grain edges. However this does not explain the larger activation energy for the boundaries than the bulk as the enhanced nonstoichiometry should result in a lower activation energy.
Conclusion
The initial work of Hampton et al. [7] on single crystal UO, using CPA has been successfully extended to polycrystalline material within the temperature range 108 to 380 K. This temperature range suffices to identify the several contributions and to assess their importance at higher temperatures.
CPA has been able both to show the presence of, and enable extraction of quantitative data for bulk, grain boundary and electrode regions within the material. The electrical conductivities of each region are thermally activated with different values of the activation energy (0.13 eV bulk, 0.17 eV electrode, 0.29 eV grain boundary). The highly non-ohmic effects at the metal-sample interface exhibited in single crystal material are also found in ceramic material. The physical ~crost~ct~e can be well modelled by cubic grains of a bulk material, completely enveloped by a thin grain boundary layer which displays different properties to those of the bulk probably because the stoichiometry at the grain surface may not be identical to the average value of the grains. The approximate dimensions of the three regions at 270 K are 1, 8 and 0.4 pm (assuming e = 24) for the electrode thickness, grain size and effective grain boundary thickness respectively. At low temperatures the boundary region is much less conducting than the grain interior; the electrical microstructure is determined by both the grain interior and exterior conduction. However due to the differences in conductivity prefactors and activation energies the boundary region becomes more conducting than the bulk at ambient temperatures; microscopically the electrical conduction is determined solely by the grain exterior conduction.
